Kidney diseases are a major problem worldwide and the number of patients with chronic kidney diseases and acute or chronic renal failure are rising each year (1). Hemodialysis and peritoneal dialysis are used to replace the detoxification function of kidneys in patients with end-stage renal disease (ESRD). Although these treatments are life-preserving, they are associated with a marked impairment of quality of life and fail to replace important kidney functions, such as endocrine activities (renin, erythropoietin, and activation of vitamin D) and fine regulation of electrolyte/water homeostasis. Kidney transplantation is so far the only option to restore all aspects of normal kidney function, providing much better quality of life and longer survival compared with dialysis. However, there is a severe shortage of human donor organs: in the United States ∼17,000 kidney transplantations were done in 2014, but at least fivefold more patients are on the waiting list, and each day 12 people die while waiting for a life-saving kidney transplant (2). Alternatives to human kidney transplants from living or deceased donors are thus urgently needed. Current strategies include xenotransplantation of kidneys from genetically engineered donor pigs (reviewed in ref.
3), use of extracorporal bioartificial kidneys with tubular cells grown in hollow fiber devices (4), development of bioengineered kidneys by repopulating the decellularized scaffold of cadaveric organs with endothelial and epithelial cells (5), and de novo kidney generation from stem cells and embryonic progenitor tissues (reviewed in ref. 6 ). In PNAS, Yokote et al. (7) use an elegant isogenic pig model system to demonstrate that functional de novo kidneys of sufficient size for human transplantation can be generated in principle, and that urine excretion can be facilitated by development of a stepwise peristaltic ureter (SWPU) system.
Because of its complex architecture and composition of numerous highly specialized and differentiated cell types, the kidney is one of the most difficult organs for de novo formation. Kidney development originates from the intermediate mesoderm, which differentiates into the nephric duct and the metanephric mesenchyme (MM). The nephric duct yields the ureteric bud (UB), which itself forms the renal collecting ducts and the lower urinary tract. In concerted reciprocal interactions with the UB, the MM finally forms the nephrons (the functional system of the kidney consisting of glomerulus, proximal tubule, Henle's loop, and distal tubule) and the interstitial tissue of the kidney. Based on known mechanisms of mammalian nephrogenesis (reviewed in ref. 8) , different experimental routes to achieve de novo formation of functional kidney tissue have been followed.
One approach is the directed stepwise differentiation of embryonic stem (ES) cells or induced pluripotent stem (iPS) cells by using specific growth factors and small chemical inhibitors of specific signaling pathways into renal progenitor cells, which-under appropriate conditions-can form complex tubular and glomerular structures (9) . Formation of an almost entirely stem cell-derived organ can be achieved by injecting pluripotent stem cells into early embryos, which are genetically disabled to form a specific tissue or organ and thus provide an empty niche for whole-organ development. Kobayashi et al. (10) pioneered this so-called blastocyst complementation approach by demonstrating formation of an entire mouse or rat pancreas in chimeric mice produced by injection of mouse or rat pluripotent stem cells into blastocysts with defect copies of pancreatic and duodenal homeobox 1 (Pdx1), an essential gene for pancreas formation. As a first step toward clinical translation of this concept, Matsunari et al. (11) succeeded in producing allogeneic pig pancreas by injecting genetically labeled embryonic blastomeres into morula stage embryos from transgenic pancreatogenesis disabled pigs. To adapt this approach for de novo kidney formation, mouse ES or iPS cells were injected into mouse blastocysts lacking a functional spalt-like transcription factor 1 (Sall1) gene, resulting in impaired development of the MM-derived components of the kidney. Chimeric mice generated by this approach had kidneys that were almost entirely derived from the injected pluripotent cells, except for the Fig. 1 . Concept of using pigs for de novo formation of human kidneys. hMSCs are injected into porcine embryonic metanephroi as a niche for generating hMSC-derived kidney progenitor tissue (KPT), which is grafted into the omentum of a patient with ESRD for further development and differentiation. The de novo originating kidney is finally connected to the patient's ureter (e.g., by the SWPU system) to facilitate excretion of urine. renal vascular and nervous system (12) . Injection of rat iPS cells into Sall1 mutant mouse blastocysts failed to generate rat kidneys in mouse, suggesting insufficient cross-talk between UB and MM from different species. In addition to such biological difficulties in a xenogeneic blastocyst complementation system, ethical problems arise if human pluripotent stem cells injected into organogenesis-impaired blastocysts form, for example, neurons or germ cells, eventually resulting in interspecific chimeras (13) .
These problems can be avoided if an embryonic metanephros (the progenitor structure of the definitive kidney, including the UB and MM) is used to start growth of a de novo kidney. Rat embryonic metanephroi transplanted into the omentum or under the kidney capsule of adult rats were shown to obtain their blood supply from the recipient and to differentiate into functional tubular and glomerular structures with detoxification (14) and endocrine functions (secretion of erythropoietin and renin) (reviewed in ref. 6 ). Furthermore, metanephroi from porcine embryos developed fully functional nephrons after implantation into immunosuppressed or immuno-deficient mice (reviewed in ref. 6 ). The need for immunosuppression might be avoided by using genetically engineered porcine donor embryos lacking major xeno-antigens (reviewed in ref. 3) and expressing immune modulatory proteins preventing rejection of the metanephros xenograft by humoral and cellular mechanisms (15) .
Although the size of a metanephros-derived kidney tissue is primarily controlled by the metanephros donor species, growth of a porcine "neo-kidney" in a rodent host is obviously limited. Therefore, Yokote et al. (7) transplanted metanephroi from 30-d-old pig embryos (pregnancy duration in pigs is 114 d) into the omentum of recipient pigs. To avoid immunological complications, cloned donor embryos-isogenic to the recipients-were used. The grafted metanephroi showed substantial growth (5-7 mm after 3 wk, 3 cm after 8 wk), formation of kidney glomeruli and tubuli, and production of urine. However, because no functional urinary excretion system developed, the de novo kidney tissue underwent pressure atrophy (hydronephrosis). To overcome this problem, Yokote et al. tested a larger embryonic graft, including the metanephros and cloaca, which is a common opening to the urinary and digestive tracts during development and permits formation of a urinary bladder. This approach was first tested in a rat model and proved to be superior to metanephros-only transplantation with regard to neo-kidney development and urine production. To facilitate excretion of the urine, Yokote et al. next developed a procedure, the SWPU system, where the graft-derived neo-bladder was surgically connected to one ureter of the recipient rat and facilitated continuous discharge of graftderived urine. Finally, Yokote et al. were able to translate the approach of combined metanephros plus cloaca transplantation and development of an SWPU system into the pig model, demonstrating that it has the potential to work in an animal with similar size to humans.
Yokote et al.'s (7) study has a number of important implications for future attempts of de novo human kidney formation to overcome the shortage of donor organs for kidney transplantation. Metanephroi cannot only form functional kidney tissue per se but also serve as a developmental niche inducing differentiation of injected human mesenchymal stem cells (hMSCs) into all kinds of specialized cell types of the kidney (16) . Thus, a scenario can be envisaged where metanephroi in pig embryos are used as developmental niche for hMSCs to derive human kidney progenitor tissue, which can be transplanted into ESRD patients to form a de novo kidney (Fig. 1) . Because hMSCs can be easily derived from bone marrow or adipose tissue, there is at least a theoretical possibility to generate patient-specific kidney progenitor tissue, although hMSCs from longterm dialysis patients were found to have abnormal gene-expression profiles, which may affect their differentiation capacity (17) .
Although the concept of using the nephrogenic niche in xeno-embryos for developing human kidney tissue from hMSCs is highly attractive and the work by Yokote et al. (7) is an important step toward its realization, a number of challenges are still remaining. In the original description of the method (16), hMSCs were injected at the site of sprouting of the UB in rat embryos recovered 11.5 d after conception. The embryos were then maintained for 48 h ex vivo in whole embryo culture, before chimeric metanephroi were isolated, cultured for another day, and then transplanted in the omentum of adult rats. Because of their larger size, whole-embryo culture of pig embryos of the corresponding stage is probably not possible, and sophisticated techniques need to be established for injecting the hMSCs into pig embryos in utero. Differentiation of hMSCs in isolated cultured pig metanephroi may be an alternative. Another issue may be that hMSC-derived de novo kidney tissue will likely be contaminated with porcine cells (cells from the embryonic organogenic niche, circulating MSCs, and vascular endothelial cells), which would induce immune rejection of the chimeric graft after transplantation to humans. This problem could be overcome by depleting the porcine cells by inducible expression of suicide genes (18) . Alternatively, pig embryos from genetically modified pig lines generated for organ xenotransplantation (3, 15) could be used as organogenic niche to avoid rejection of chimeric de novo kidney tissue. In addition, Yokote et al. (7) discuss the possibility of generating fully humanderived neo-kidney using the blastocyst complementation technique: that is, injection of human stem cells into paired box 2/ paired box 8 (PAX2/PAX8)-defective pig blastocysts. Mouse embryos lacking functional Pax2 and Pax8 genes are unable to form metanephroi and ureters (19) , and loss-of-function mutations in the orthologous porcine genes can now be easily engineered, for example by using the CRISPR/Cas system (20) .
The Yokote et al. (7) report opens new perspectives for de novo formation of functional human kidneys. This approach, along with progress in porcine kidney xenotransplantation and the development of bioengineered kidneys, may help to overcome the dramatic shortage of human donor organs for kidney transplantation.
